The effect of local administration of vasodila tive concentrations of the adenosine receptor agonist 2-chloroadenosine (2-CADO) on the hyperemic responses of the pial and parenchymal microcirculations to graded hypercapnia was determined. The cranial window and brain microdialysis-hydrogen clearance techniques were utilized in two groups of isoflurane-anesthetized newborn pigs to measure changes in pial diameters and local CBF, respectively, in response to graded hypercapnia in the absence and presence of 2-CADO. Progressive size dependent dilations of pial arterioles [small = 41 ± 7 !-Lm (mean ± SD), intermediate = 78 ± 13 !-Lm, and large = 176 ± 57 !-Lm in diameter 1 occurred in response to graded hypercapnia alone (P aco2 = 58 and 98 mm Hg) and to superfusions of 2-CADO 00-5 M) during normocapnia; the magnitude of the dilative response to each of these
The mechanism underlying hypercapnic hyper emia in brain is not well understood. A hypercap nia-induced increase in extracellular hydrogen ion concentration is likely to be the initial step of this process (Kontos et aI., 1977) , but hydrogen ion may not be the final effector. There is evidence that the hyperemia in newborn animals results from hydro gen ion-stimulated production of vasodilative pros tanoids (Wagerle and Mishra, 1988; Leffler et aI., 1989) . The purine metabolite adenosine has also been hypothesized to participate in the mediation of hypercapnic vasodilation, based on studies in which adenosine receptor blockade reduced hypercapnia-stimuli was inversely proportional to vessel size. When hypercapnia was induced concomitantly with 2-CADO superfusion, the dilative effects of each stimulus were directly additive. Similarly, local microdialysis infusion of 10-5 M 2-CADO, which doubled CBF during normo capnia, did not affect the hyperemic response of the pa renchymal circulation to graded hypercapnia (P aco2 = 69 and 101 mm Hg). Our findings are consistent with the participation of adenosine in the mediation of cerebral hypercapnic hyperemia. If, however, adenosine is not in volved in this dilative response, our results indicate that concomitant vascular and neuromodulatory actions in duced by adenosine receptor stimulation do not affect the mechanism responsible for the hypercapnic hyperemic response. Key Words: Adenosine-Carbon dioxide Cerebral blood flow-Pial arteriole.
induced increases in CBF (Phillis and DeLong, 1987) and enzymatic destruction of adenosine with adenosine deaminase reduced hypercapnia-induced dilations of pial arterioles (Simpson and Phillis, 1991) . However, these findings, which predict an increase in adenosine production and/or smooth muscle sensitivity to adenosine in response to CO2generated hydrogen ions, are at odds with results from cat pial window preparations in which hyper capnia (Gregory et aI., 1980) and local acidosis (Wahl and Kuschinsky, 1977) attenuated the va sodilative action of adenosine.
Given these unresolved findings, we sought to investigate in the present study whether increases in CBF induced by the adenosine agonist 2-chloro adenosine (2-CADO) would affect cerebrovascular reactivity to hypercapnia in the newborn pig pial and parenchymal circulations. We hypothesized that additive or synergistic vasodilative effects of adenosine receptor stimulation and systemic hyper capnia would be observed if endogenous adenosine were involved in the mediation of hypercapnic va sodilation.
METHODS
Newborn pigs, anesthetized with isoflurane, were sur gically prepared as described previously (Park et aI., 1991) . Because the rapid metabolism of adenosine can preclude experimental assessments of its actual effects (Dora, 1985; Van Wylen et aI., 1989) , 2-CADO, a slowly metabolized adenosine analogue exhibiting mixed affinity for Al and A2 adenosine receptors (Ibayashi et aI., 1991) , was used in the present experiments. Systemic cardiovas cular effects common to adenosine analogues were avoided by locally delivering this agonist to the perivas cular spaces surrounding the pial and parenchymal ves sels via cranial window superfusion and microdialysis probe perfusion, respectively. Details regarding the prep aration of 2-CADO in artificial CSF were given in a pre vious report (Park et aI., 1991) .
Pial circulation studies
For observation of pial arterioles (n = 11), the scalp was retracted following a midline incision, and an 18-mm hole was drilled through the skull over the right parietal cortex for placement of a stainless-steel and glass cranial window. The dura was excised and retracted back over the skull, and the window was implanted and sealed in place with bone wax and carboxylate cement. Once t . he glue set (=5 min), the window was superfused (50 !-ll/mm) with artificial CSF for 1 h prior to initiation of the exper imental protocol. The volume of fluid under the window was estimated to be 500 !-ll and was contiguous with the periarteriolar space. There were four holes drilled obliquely through the stainless-steel rim of the window at various circumferential locations, through which flared polyethylene cannulas (PE-50) were placed. Two ports were used to superfuse CSF across the cortical surface by infusing the buffer in one port (Carnegie Medicine Micro injector AB model CMAloo) and allowing it to escape from a port directly opposite to it. Intracranial pressure, monitored from a third independent port, was held at 1-3 mm Hg throughout this superfusion procedure in all ex periments, by changing the position of the outflow tubing relative to the window. CSF temperature within the win-dow was also monitored by a flexible temperature probe (Omega Systems) via the fourth port; heating the artificial CSF during infusion allowed for maintenance of window fluid temperature between 35.5 and 37.0°C.
The pial arterioles were observed by video microscopy utilizing a binocular microscope (Nikon SMZ-2T), fitted with a fiberoptic halogen ring light (Volpi/Olympus High light 2000). Images (magnification = 230x) were cap tured on videotape with a high-resolution camera (Pana sonic WV -1550) and videocassette recorder (JVC Super VHS model HR-S80oo-U). On a high-resolution monitor (Sony PVM1342Q), arteriolar diameters were measured by a videocaliper system (Olympus Micro-300), previ ously calibrated with a stage micrometer. Two-micron differences in diameter could be resolved with this sys tem. Three arterioles, one from each of three different size ranges (small = 25-50 !-lm, intermediate = 50-100 !-lm, and large = 100-300 !-lm, during baseline hemody namic conditions), were chosen for observation and serial diameter measurements in each animal.
The responses of the pial arterioles to normocapnia (P aco2 = 35-40 mm Hg) and subsequent graded hyper capnia (Paco2 = 55-65 and 90-110 mm Hg) were deter mined in the absence and presence of 10 -5 M 2-CADO as follows: Diameters of the arterioles were measured under normocapnic conditions and then 10 min after attaining each of the two sequential steady-state hypercapnic lev els. Each level of hypercapnia was established by venti lating the animal with gas mixtures containing increasing percentages of CO2, After this, normocapnic conditions were reestablished, wherein arteriolar diameters did not differ significantly from initial baseline values. The win dow was then superfused (50 !-ll/min) with artificial CSF containing 10-5 M 2-CADO for 20 min. Arteriolar diam eter measurements were made again during normocapnia and during a repetition of the graded hypercapnia. The initial three steady-state levels of P aco2 did not differ sig nificantly from the subsequent three steady states (Ta ble I).
Parenchymal CBF studies
Seven animals were instrumented for the simultaneous administration of vasoactive concentrations of 2-CADO (10-5 M) (Park et aI., 1991) to the brain parenchyma and the determination of local CBF by utilization of the mod ified brain microdialysis-H2 clearance technique, de- scribed in detail previously (Van Wylen et aI., 1988; Park et aI., 1991) . Modified dialysis probes were implanted bi laterally into the frontal cortex gray matter (4 mm lateral to the midline, 2 mm anterior to the coronal suture, 13-15 mm deep from the skull surface). Ninety minutes after implantation, the simultaneous perfusion of one dialysis probe with artificial CSF, and the other with 10 -5 M 2-CADO in artificial CSF, was initiated at 0.1 f.LUmin and continued at this rate throughout the experiment. Steady state bilateral CBF determinations were obtained simul taneously during control conditions (P ac02 = 38.2 ± 2.3 mm Hg) and then during graded hypercapnia (P ac02 = 69.0 ± 5.9 and 101.0 ± 8.4 mm Hg). H2 administration was initiated 10 min after each desired level of P ac02 was established to measure the resultant level of CBF.
Statistical analyses
All data are shown as means ± SD. A two-way re peated measures analysis of variance (ANOV A) with Bonferroni correction was used in comparing differences in pial arteriolar diameters in response to 2-CADO or CO2 and also for determining potential interactive effects be tween the two stimuli. In the bilateral microdialysis ani mal group, the same ANOV As were also used to deter mine interactive effects. For the parenchymal CBF re sponses to CO2 and 2-CADO and the parenchymal CO2 reactivity data, all comparisons were by paired t tests with appropriate Bonferroni corrections. For the pial ar teriolar studies, paired t tests (with appropriate Bonfer roni corrections) were also used in the examinations of the CO2 reactivity data. Differences were considered sig nificant at p < 0.05.
RESULTS

Pial circulation CO2 reactivity
The mean diameters of the three sizes of vessels observed in these animals were as follows: small = 40.9 ± 6.7 !-lm, intermediate = 77.6 ± 13.0 !-lm, and large = 175.6 ± 57.1 !-lm. The arterioles of the pial circulation responded to step-changes in P aco2 with graded increases in their diameters ( Fig. 1) . Rela tive to normocapnic (P aco2 = 36 ± 4 mm Hg) di mensions, significant increases in the diameters of the small, intermediate, and large arterioles of 41, 24, and 13%, respectively, resulted from the initial hypercapnic stress (PaC02 = 58 ± 7 mm Hg). When the P aco2 was elevated further to 98 ± 8 mm Hg, the vessels dilated an additional 17, 24, and 17%, re spectively.
The CO2 reactivity calculations revealed that the intermediate-and large-sized arterioles responded similarly to the two step-increases in Paco2, indic ative of a linear dilative response to hypercapnia (Table 2) . However, the small arterioles did not di late as dramatically to the secondary increase in P aco2 from 58 to 98 mm Hg compared with their response to the initial increase in P aco2 (from base line levels to 58 mm Hg). The magnitude of the dilative response to moderate hypercapnia de pended on vessel size, with the smaller arterioles much more reactive to hypercapnia than the larger vessels; expressed in terms of CO2 reactivity (Table  2) , the small arterioles exhibited a reactivity (1.9) almost twice that of the intermediate-sized arteri oles (1.2) and about three times that of the large vessels (0.6) in response to the initial hypercapnic challenge.
Effect of 2-CADO on pial circulation response to graded hypercapnia
During normocapnia, 10 -5 M 2-CADO induced significant size-dependent increases in arteriolar di ameters of 44, 29, and 14% in the small, intermedi ate, and large vessels, respectively. In the presence of 2-CADO, the small, intermediate, and large ar terioles dilated 34, 29, and 14%, respectively, in Given are CO2 reactivity values (mean ± SD) for the vasodi· lative responses of three sizes of pial arterioles (small = 41 ± 2 fl,m, intermediate = 78 ± 4 fl,m, and large = 176 ± 16 fl,m in diameter) to an initial increase in Paco2 to 58 mm Hg ("moderate hypercapnia") and an additional Paco2 increase from 58 to 98 mm Hg ("severe hypercapnia") and the effects of 2-chloroade· nosine (2-CADO) on these responses. The COz reactivity was calculated in each animal as the difference in the percentage change in arteriolar diameter (relative to normocapnic diameters in the absence of 2·CADO) divided by the magnitude of the increase in Paco2 that defines that particular stimulus. response to the initial hypercapnic stress and an additional 24, 23, and 15% when the Paco2 was el evated further to 98 mm Hg. The concomitant va sodilation by 2-CADO did not affect the magnitude of the responses of the pial arterioles to graded hy percapnia (Fig. I) ; ANOV A indicated a significant independent effect of both variables, but not a sig nificant interaction effect. This finding is reflected by the CO2 reactivity calculations (Table 2) , which reveal that 2-CADO had no effect on the linear di lative response to step-elevations in P aco2 exhibited by the intermediate-and large-sized arterioles, nor did the agonist affect the uniquely high reactivity of the small arterioles to moderate hypercapnia. Note also that the response to moderate hypercapnia still exhibited a significant vessel size dependency in the presence of 2-CADO.
Parenchymal circulation CO2 reactivity
From a normocapnic (P aco2 = 38 ± 2 mm Hg) flow rate of 31 ml/l00 glmin, parenchymal CBF in creased 91 % in response to the increase in P aco2 to 69 ± 6 mm Hg, and increased an additional 29% in response to the further increase in Paco2 to 101 ± 8 mm Hg (Table 3; Fig. 2) . The CO2 reactivity of the parenchymal circulation to the secondary increase in Paco2 to 101 mm Hg (1.9) tended to be blunted relative to that characterizing the response to the initial increase in P aco2 (2.9), but this difference was statistically insignificant ( Table 4 ).
Effect of 2-CADO on parenchymal circulation response to graded hypercapnia 2-CADO significantly increased baseline normo capnic CBF by 142%. As in the pial arteriolar bed, an underlying 2-CADO-induced hyperemia did not affect the relative magnitude of hypercapnia induced increases in parenchymal CBF (Tables 3  and 4 ; Fig. 2 ). Both hypercapnia and 2-CADO in creased CBF independently, with ANOV A indicat ing no significant interaction effect. As evident from the CO2 reactivity calculations (Table 4) , the linear CBF response to step-increases in P aco2 was unaf fected.
DISCUSSION
The present study has shown that (a) the magni tude of the hyperemic response of the pial arterioles to hypercapnia depends on vessel size, with the small (41 ± 7 /-Lm) and intermediate (78 ± 13 /-Lm) arterioles displaying a relatively more sensitive va sodilative response to elevated P aco2 than the large (176 ± 57 /-Lm) arterioles; (b) a similar size dependent vasodilative response to locally super fused 2-CADO occurs in the pial arteriolar bed; and (c) the hyperemic responses of the pial and paren chymal microcirculatory systems to hypercapnia and 2-CADO were strictly additive. These results indicate that smooth muscle responsiveness to adenosine is maintained during hypercapnic condi tions, which is a necessary condition for the in volvement of endogenous adenosine in the media tion of hypercapnic hyperemia. If, however, aden osine is not involved in this response, our results also indicate that the vascular and nonvascular ef fects induced by 2-CADO stimulation of A 1 and A2 adenosine receptors do not interfere with the mech anism underlying hypercapnic hyperemia, whether the predominant vasodilative effector is the hydro gen ion, a vasoactive prostanoid, and/or another va sodilator yet to be identified. The magnitude of pial arteriolar dilation we ob served in response to moderate hypercapnia was similar to that observed previously in the pial mi crocirculation of newborn pigs (WagerJe and Given are CO2 reactivity values (mean ± SD) for the CBF responses of the parenchymal microcirculation to graded hyper capnia and the effects of 2-chloroadenosine (2-CADO) on these responses. The CO2 reactivity was calculated in each animal as the difference in the percentage change in CBF (relative to nor mocapnic CBF in the absence of 2-CADO) divided by the mag nitude of the increase in P aco2 that defines that particular stim ulus. Leffler et aI., 1989) and that reported for adult animals (Gregory et aI. , 1980; Wei et aI. , 1980; Morii et aI. , 1986) . This is the first study in newborns in which vasodilative responses of pial vessels smaller than 50 Jim in diameter (41 ± 7 Jim) have been observed. These small arterioles demon strated the greatest reactivity to moderate hyper capnia, with a relative vasodilation three times that of the large arterioles. The dependent relationship between the magnitude of hypercapnic vasodilation and vessel size has not previously been documented in newborn animals, although this phenomenon has been demonstrated in the adult cat (Gregory et aI., 1980; Wei et aI. , 1980) . Possible reasons for such a size dependency have been discussed previously by one of these authors (Wei et aI., 1980) . The present study is also the first to determine in the pial micro circulation of newborns the effect of increases in Paco2 to levels of >64 mm Hg. With a secondary increase in P aco2 to 98 mm Hg, the size-dependent nature of the response was lost, as the small arteri oles did not respond linearly to this stimulus. A similar attenuation of the hyperemic response to the imposition of severe hypercapnia also occurred in the parenchymal microcirculation, as discussed be low.
Mishra
Like the response to elevated Paco2, the response of the pial arterioles to vasoactive concentrations of 2-CADO depended on their relative size, with the dilation of the small-and intermediate-sized vessels roughly four and three times greater, respectively, than that of the large vessels. In adult animals, only one study reported a size-dependent va so dilative response to adenosine (Berne et aI. , 1974) , with most studies reporting no such dependency (Wahl and Kuschinsky, 1976; Gregory et al., 1980; Morii et al., 1986 ). We did not undertake studies directed toward an explanation for such a phenomenon. Physical/hemodynamic factors discussed previ ously (Wei et al., 1980) may underlie this observa tion; perhaps longitudinal differences in adenosine receptor complement and/or sensitivity of the smooth muscle transduction processes to adenosine also contribute. In any case, the demonstrated va sodilative response to 2-CADO indicates that aden osine receptors are present on the pial resistance vessels of the newborn pig and extends to the pial microcirculation the general hypothesis put forth by us (Park et al., 1987) and subsequently supported by other studies (Park et al., , 1991 Laudignon et al., 1990; Park and Gidday, 1990 ) that endogenous adenosine participates in the regulation of newborn CBF.
The near-doubling of parenchymal CBF we ob served in response to moderate hypercapnia is sim ilar to that measured previously in the newborn pig (Hansen et al., 1984; Helfaer et al., 1991) . How ever, in the present study, CO2 reactivity tended to decrease with additional elevations in P aco2 to 101 mm Hg, whereas in the Hansen et al. study (1984) , CO2 reactivity increased with their secondary in crease in Paco2 to 89 mm Hg, resulting overall in a nonlinear relationship between Paco2 and CBF. The blunted response in our study was not the result of attaining a maximal increase in CBF with severe hypercapnia because simultaneous 2-CADO admin istration into the contralateral cortex caused further increases in contralateral CBF. We surmise that the effects of different anesthetics on CO2 reactivity may account for these discrepant observations, as discussed previously (Hemmingson et al., 1979; McPherson et al., 1989) .
Recent studies have demonstrated the utility of delivering adenosine and other drugs directly to the parenchymal tissue via microdialysis probes, which can also be modified with implanted platinum elec trodes to measure the resultant changes in local CBF by H2 clearance Park et al., 1991) . Using this technique in the present study, we observed a 142% increase in cor tical CBF in response to probe perfusion with 10 -5 M 2-CADO, consistent with our previous study (Park et al., 1991) . It is expected that the actual concentration of 2-CADO achieved in the intersti tium surrounding the vascular smooth muscle cells is likely to be lower than 10 -5 M, as discussed pre viously (Park et al., 1991) . The observed increase in piglet parenchymal CBF was similar to the 131 % increase in rat caudate nucleus CBF noted by Van Wylen et al. (1989) using the same microdialysis hydrogen clearance technique and the same 2-CADO concentration.
Thus, in the present study, we demonstrated in both the pial and the parenchymal microcirculatory beds that the vasodilative/hyperemic effects of 2-CADO and systemic hypercapnia, when imposed concomitantly, were additive. Our results are con sonant with the observation that the hypercapnic hyperemic response is increased by dipyridamole (Phillis and DeLong, 1987) , an adenosine reuptake blocker shown to increase cerebral interstitial aden osine concentrations (Park and Gidday, 1990) . The present study provides the first evidence collected in newborn animals consistent with the hypothesis that adenosine is involved in the mediation of hy percapnic hyperemia. Our results by no means es tablish a causative framework for such a hypothe sis. This is more convincingly provided by studies in which endogenous adenosine activity is pharma cologically blocked under hypercapnic conditions, but unfortunately no consensus has emerged from investigations utilizing such a study design. For ex ample, the methylxanthine adenosine receptor an tagonist caffeine was found to attenuate hypercap nia-induced increases in parenchymal CBF (Phillis and DeLong, 1987) , and window superfusion of adenosine deaminase significantly attenuated the hypercapnic dilative response of rat pial arterioles (Simpson and Phillis, 1991) . However, in other studies, adenosine antagonists exhibited no such at tenuating effects on hypercapnic hyperemia (Emer son and Raymond, 1981; Hoffman et al., 1984; Morii et al. , 1987) .
Even if definitive conclusions cannot yet be drawn from these contrasting findings, the hypoth esis that adenosine plays a role in the mediation of hypercapnic hyperemia predicts that CO2generated hydrogen ions must directly stimulate adenosine production and/or in some way potenti ate adenosine's vasodilative effect. Previous stud ies in the cat pial microcirculation, in which the vasodilative potency of exogenous adenosine was actually reduced by hypercapnia (Gregory et al., 1980) and local acidosis (Wahl and Kuschinsky, 1977) , contrast with the latter prediction. That hy percapnia might increase interstitial adenosine lev els has not been experimentally tested in the brain. However, two studies in the coronary vasculature support this mechanism. In particular, adenosine release from isolated perfused hearts was shown to increase when perfusate pH was lowered by CO2 (Mustafa and Monsour, 1984) , an effect these au-1. M. GIDDAY AND T. S. PARK thors attributed to a hydrogen ion-induced reduc tion in reuptake of interstitial adenosine. Also, a dramatic pH dependency of the adenosine-gener ating enzyme endo-5' -nucleotidase, isolated from coronary endothelial cells, has been reported, its activation increasing in proportion to the reduction in pH from 7.4 to 5.0 (Gerlach et al. , 1987) . Al though many aspects of metabolic regulation of blood flow are similar in heart and brain with re spect to adenosine, it is still necessary to indepen dently verify this potential mechanism for adeno sine-based mediation of hypercapnic hyperemia in the cerebral vasculature.
Two additional implications of our results war rant mention, based on the following contention: It is likely that stimulation of A 1 and A2 adenosine receptors by administration of the mixed agonist 2-CADO was likely to induce several neuromodu latory and synaptic effects, in addition to its vascu lar actions (Dunwiddie, 1985; Stone and Bartrup, 1991) . Thus, if one assumes that adenosine plays no role in mediating cerebral hypercapnic hyperemia, and vasoactive prostanoids produced secondary to CO2-induced increases in hydrogen ion concentra tions are the predominant mediators (Wagerle and Mishra, 1988; Leffler et al., 1989) , then our results indicate that adenosine does not interfere with the prostanoid-based vasodilative mechanism, a possi bility raised by previous studies (Ally et al., 1977) . Second, our data suggest that the attenuated or abolished CO2 reactivity occurring during hypoten sion (Harper and Glass, 1965; Wei et al., 1980) and hypoxia (McPherson et al. , 1987) occurs indepen dently of the many physiologic actions of adeno sine, since concentrations of this nucleoside are el evated under these conditions (Park et al. , 1987 Van Wylen et al. , 1988) .
In summary, size-dependent increases in pial ar teriolar diameters and increases in parenchymal CBF were measured in response to graded eleva tions in Paco2 and local administration of 2-CADO. When increases in P aco2 were superimposed upon a 2-CADO-induced hyperemia, no significant changes in the hyperemic responses to hypercapnia were observed in either microcirculatory bed. These findings are consistent with a role for aden osine in mediating hypercapnic hyperemia.
